Abstract: This paper looks at entropy generation during ice slurry flow in straight pipes and typical heat exchanger structures used in refrigeration and air-conditioning technology. A dimensionless relationship was proposed to determine the interdependency between flow velocity and the volume fraction of ice, for which the entropy generation rates were at the minimum level in the case of non-adiabatic ice slurry flow. For pipe flow, the correlation between the minimum entropy generation rate and the overall enhancement efficiency was analyzed. As regards heat exchange processes in heat exchangers, the authors analyzed the relationship between the minimum entropy generation rate and the heat exchange surface area and exchanger efficiency.
Introduction
Ice slurry-based refrigeration is among the most state-of-the-art refrigeration technologies in indirect installations with and without cold storage. It is also used as a process supporting cold distribution in ice harvester systems. Ice slurry is a mixture of water ice crystals and water or water and a freezing-point depressant (salt, glycol, alcohol, etc.). The ice particle diameters most often amount to 10 −4 -0.5 mm. The mass fraction of ice crystals in the ice slurry, which may be transported in practice, do not exceed 30%. As an environmentally neutral and natural heat carrier, ice slurry demonstrates a refrigeration potential commensurate to that of refrigerants. Ice slurry flow may be accompanied by phase segregation, which leads to a change in the mean density values and in the value of the dynamic coefficient of fluid viscosity, consequently leading to higher flow resistance values [1] . The heat transfer process in the ice slurry is accompanied by micro-convection of solid particles, resulting in an increase in thermal conduction coefficients and an enhancement of the heat transfer process. Ice slurries differ significantly from single-phase heat carriers in terms of their rheological properties. Ice slurries are non-Newtonian fluids [2] [3] [4] [5] [6] [7] [8] [9] [10] . The phenomena associated with flow resistance and heat transfer processes involving ice slurries have been extensively discussed in articles, such as [2] [3] [4] [5] [6] [7] [8] [9] 11, 12] . A significant operational problem of ice slurry-fed systems is the elimination of phase segregation and ensuring a homogenous flow. According to [13, 14] , regardless of the ice content, homogenous flow of ethanol-based ice slurry is possible at a minimum flow velocity of 0.54 ms −1 [13] and 0.75 ms −1 [14] for 0.02 and 0.024 m diameter pipes, respectively. Flow velocity cut-off values for homogenous and heterogeneous flow in d = 0.02 m pipes for 10.5% ethanol-based ice slurry, calculated in [15] on the basis of a solid particle distribution model according to Kitanowski [4, [16] [17] [18] , for a 5% and 25% volume fraction of ice amount to 0.68 ms −1 and 0.15 ms −1 , respectively.
The use of ice slurry in refrigeration processes is a heat transfer enhancement method applied in refrigeration and air-conditioning technology. Ice slurry fed into a heat exchanger is characterized by both mass flux and mass fraction of ice, which determine the heat transfer process intensity and momentum exchange, inducing various entropy generation rates. This article attempts to identify the range of velocity and mass fraction of ice values which ensure the minimum entropy generation rate during the flow of ethanol-based ice slurry, being a non-Newtonian Bingham's fluid, through straight 0.01-0.02 m pipes. In addition, the study contains aconducted an analysis of the total entropy generation rate in lamelled air coolers and plate fluid coolers in the context of the optimization of the mass fractions of ice and mass fluxes of the ice slurry. In this case, the analysis focused on the relationships between ice slurry's flow parameters, the heat exchange surface area, the heat exchanger's efficiency and the total entropy generation rate on the side of the refrigerant and the cooled medium. New aspects presented in the paper refer to a comprehensive approach to thermodynamic analysis of thermal-flow processes with ice slurry, both for flow in straight tubes as well as in heat exchangers. The analysis of minimum total entropy fluxes in heat exchangers allowed to verify the usefulness of the results of the minimization of the entropy flux of ice slurry in the conditions of forced convection of ice slurry in straight tubes. Additionally, the study compares the results of determination of optimal parameters of flow velocity and mass fractions of ice according to the criterion of minimum entropy and the condition of ε Nu−f > 1. The innovative element presented in the paper was proposing a dimensionless relationship to identify the interdependency between the flow velocity and the mass fraction of ice for which the entropy generation rate was at its minimum level.
Entropy Generation Rate during Flow in a Straight Pipe

Entropy Generation during the Melting of Ice Slurry; Flow with Phase Separation
Assuming a homogenous single-dimensional flow of the ice slurry mass flux . m IS in a horizontal pipe (Figure 1 ), the first and second principle of thermodynamics for the dl test section may be described using Equations (1) and (2) , respectively: di IS = T IS ds IS + ν IS dp IS (1)
Entropy 2019, 21, x 4 of 20 optimization of the mass fractions of ice and mass fluxes of the ice slurry. In this case, the analysis focused on the relationships between ice slurry's flow parameters, the heat exchange surface area, the heat exchanger's efficiency and the total entropy generation rate on the side of the refrigerant and the cooled medium. New aspects presented in the paper refer to a comprehensive approach to thermodynamic analysis of thermal-flow processes with ice slurry, both for flow in straight tubes as well as in heat exchangers. The analysis of minimum total entropy fluxes in heat exchangers allowed to verify the usefulness of the results of the minimization of the entropy flux of ice slurry in the conditions of forced convection of ice slurry in straight tubes. Additionally, the study compares the results of determination of optimal parameters of flow velocity and mass fractions of ice according to the criterion of minimum entropy and the condition of εNu−f > 1. The innovative element presented in the paper was proposing a dimensionless relationship to identify the interdependency between the flow velocity and the mass fraction of ice for which the entropy generation rate was at its minimum level.
Entropy Generation Rate during Flow in a Straight Pipe
Entropy Generation during the Melting of Ice Slurry; Flow with Phase Separation
Assuming a homogenous single-dimensional flow of the ice slurry mass flux IS m  in a horizontal pipe (Figure 1 ), the first and second principle of thermodynamics for the dl test section may be described using Equations (1) and (2), respectively: Figure 1 . Outline of the heat transfer process in the ice slurry during its flow through a pipe.
In the test section, the ice slurry entropy changes as per Equation (3):
Using Equations (1) and (3), Equation (2) can be transformed into (4):
Writing the Fourier's equation for the ice slurry heat transfer process (5) and using the relationship
, Equation (4) can be transformed into (6):
. dl q . In the test section, the ice slurry entropy changes as per Equation (3):
Writing the Fourier's equation for the ice slurry heat transfer process (5) and using the relationship d
q P dl, Equation (4) can be transformed into (6):
Equation (6) makes it possible to determine the entropy generation rate for a unit length of the pipe. Equation (6) is true for water-based ice slurry with a constant melting point. For ice slurries based, for example, on a 10.6% aquatic solution of ethanol, the temperature glide with complete melting of ice in a 30% ice slurry amounts to 2.2 K. Therefore, it was assumed that in (6), T IS corresponded to the mean temperature of the ice slurry, T IS = T IS .
Ice Slurry Flow and Heat Transfer in Pipes
The determination of the entropy generation rate from Equation (6) for non-adiabatic flow of ethanol-based ice slurry requires the identification of both the pressure drop and the heat transfer coefficients for specific heat transfer conditions. The ice slurry under consideration is a Bingham fluid [3, 19] and its flow can be treated as a generalized flow of a non-Newtonian fluid. Equation (7) introduces the generalized form of the Reynolds number:
By using Equation (7), Fanning's factors for technically plain pipes can be found for the laminar and turbulent flow area on the basis of Equations (8) and (9), respectively:
Ultimately, ice slurry flow resistance values are calculated using Equation (10) .
Entropy 2019, 21, 514 6 of 21 Equation (7) makes it necessary to determine a characteristic flow-behavior index n * and consistency index K * . For Bingham fluid and an arbitrary geometry of cross-section, these parameters are found from equations included in Table 1 [19] . Table 1 . Equations used to calculate the values of physical properties of the ice slurry.
Properties
Formula Comments
Enthalpy of ice slurry [51, 52] 
For the generalized non-adiabatic flow of ice slurry, the heat transfer coefficient may be calculated for laminar and flow areas from Equations (11) and (12) , respectively [25] :
The constants B i in Equations (11) and (12) are shown in Table 2 [25] . Equations (7)- (12) are the result of own experimental studies carried out for ethanol ice slurry, for which measurement stations, the course of experiments, measurement accuracy and results were discussed in detail in studies [2, 12, 19, 25, 55] . The experimental scope of the applicability of Equations (7)- (12) is provided in Table 2 . 
Results of Calculations
The entropy generation rate was studied for forced convection during melting a 10.6% ethanol solution-based ice slurry with a mass fraction of ice of 0 <x s < 30%. Calculations were made for ice slurry flow through straight pipes with diameters The entropy generation rate was studied for forced convection during melting a 10.6% ethanol solution-based ice slurry with a mass fraction of ice of 0 <xs < 30%. Figure 2 suggests that in the laminar flow area, the lowest entropy generation rates correspond to the maximum fraction of ice in the ice slurry. However, let it be noted that in the entire flow area, the lowest entropy generation rates correspond to low mass fractions of ice xs < 10% and the minimum value of the entropy generation rate is recorded in the turbulent flow area. This is related to the mutual relationship between entropy generation in thermal and flow processes (Figure 3 ). Figure 2 suggests that in the laminar flow area, the lowest entropy generation rates correspond to the maximum fraction of ice in the ice slurry. However, let it be noted that in the entire flow area, the lowest entropy generation rates correspond to low mass fractions of ice x s < 10% and the minimum value of the entropy generation rate is recorded in the turbulent flow area. This is related to the mutual relationship between entropy generation in thermal and flow processes ( Figure 3 ). Figure 2 suggests that in the laminar flow area, the lowest entropy generation rates correspond to the maximum fraction of ice in the ice slurry. However, let it be noted that in the entire flow area, the lowest entropy generation rates correspond to low mass fractions of ice xs < 10% and the minimum value of the entropy generation rate is recorded in the turbulent flow area. This is related to the mutual relationship between entropy generation in thermal and flow processes ( 
(a)xs = 11.7%; (b) xs = 26.6%.
In the studied range of flow velocities 0 ≤ w ≤ 3 ms −1 for an ice content greater than xs > 21.9%, the flow is laminar in nature, and the ice slurry flow resistance values are moderate, while the presence of solid particles favors the highest values of heat transfer coefficients [2, 12] . In this case, entropy generation is determined by the irreversibility of the thermal processes. For low mass fractions of ice, obtaining suitably high values of heat transfer coefficients depends not only on the presence of solid In the studied range of flow velocities 0 ≤ w ≤ 3 ms −1 for an ice content greater than x s > 21.9%, the flow is laminar in nature, and the ice slurry flow resistance values are moderate, while the presence of solid particles favors the highest values of heat transfer coefficients [2, 12] . In this case, entropy generation is determined by the irreversibility of the thermal processes. For low mass fractions of ice, obtaining suitably high values of heat transfer coefficients depends not only on the presence of solid particles, but also on the appropriate value of flow velocity. As a consequence, this leads to a change into the turbulent flow area, where, in turn, flow resistance values have a significant impact on the induction of the total entropy generation. It also needs to be noted that large mass fractions of ice (x s > 20%) are typically associated with a relatively large range of velocities, for which the total entropy generation rate is at its minimum. This results from the dominant impact of solid particles and phase change, but not flow velocity, on heat transfer coefficients [2] . The calculations made for various heat flux densities and pipe diameters made it possible to determine for specific mass fraction of ice, the flow velocities for which the total entropy generation rate was at its minimum.
The analysis of Equations (6)- (12) and calculation results presented in Figure 2 ; Figure 3 indicate that in case of non-adiabatic ice slurry flow, the generated entropy flux is determined by flow velocity, mass fraction of ice, heat flux density and tube diameters. It should also be noted that the mass fraction of ice, flow velocity and diameter determine the nature of the flow of the agent. With the increase in the Reynolds number, the effects of particulate matter on the heat transfer coefficients decreases and a greater influence of flow phenomena on the generated entropy fluxes is observed. Therefore, in the turbulent flow area, the entropy flux depends more on flow velocity and diameter than mass fraction of ice and heat flux density. Small tube diameters imply higher values of heat transfer coefficients and low values of the entropy flux generated by the heat exchange process. In general, lower tube diameters correspond to lower total values of the entropy flux. The results presented in Figure 4a ,b indicate that in the laminar flow area, the effect of tube diameter on entropy flux is particularly significant: In general, lower tube diameters correspond to lower total values of the entropy flux. The results presented in Figure 4a ,b indicate that in the laminar flow area, the effect of tube diameter on entropy flux is particularly significant:
where the values of the Bejan numbers are high (Be>0.5)the The experimental values of wand xs were determined by calculating, at each measurement point, the entropy generation rate (Equation (6)) using the measured values of heat transfer coefficients and the flow resistance values [2, 25] . Next, for the given values of xs, the measurement points were chosen at which does not exceed 7.6%. The maximum difference between the measured velocities and the calculated velocities concerned the case of heat flux density q  = 2kW and was lower than 30%. Figure 5 shows the critical values of xsC, and wC found on the basis of the criterion for motion nature change valid for the ice slurry (Equation (13) 
All analyzed parameters (xs, di, w, q  ) are independent, but they affect the heat transfer coefficients and flow resistance, and thus the entropy flux and its minimum value, in various ways. . .
Figure 5.
The calculated and experimentally determined parameters w and x s , for which the ice slurry entropy generation rate is at its minimum,
The experimental values of w and x s were determined by calculating, at each measurement point, the entropy generation rate (Equation (6)) using the measured values of heat transfer coefficients and the flow resistance values [2, 25] . Next, for the given values of x s , the measurement points were chosen at which
S min and the non-monotonic course of the relationship w(x s ) Smin was associated with an area of transition between laminar and turbulent flow. The plotted theoretical w cal− .
Smin
(X V ) curves provide a qualitatively correct description of the course of analogous curves obtained directly from the measuring points. The mean relative difference between the experimental and analytical flow velocities w .
(X V ) does not exceed 7.6%. The maximum difference between the measured velocities and the calculated velocities concerned the case of heat flux density . q = 2 kW and was lower than 30%. Figure 5 shows the critical values of x sC , and w C found on the basis of the criterion for motion nature change valid for the ice slurry (Equation (13) q) are independent, but they affect the heat transfer coefficients and flow resistance, and thus the entropy flux and its minimum value, in various ways. Charts similar to the one presented in Figure 5 allow the selection of parameters x s , (X v Table 1 
q in such a way that the entropy flux generated by the ice slurry is minimal. The results presented in Figure 5 and similar results for tube diameters d i = 0.01 m and d i = 0.02 m can be presented in the form of criteria relationship (14) . Correlation (14) defines the relationship between the Reynolds number and dimensionless numbers taking into account the effect of geometric (K qX ) and flow parameters (K q , K qX ) on the generated minimal entropy flux.
where
The parameters
G o are given in Table 3 . Table 3 . Values of coefficients in Equations (15) and (16).
Parameter Value S min , for the assumed mass fractions, heat flux densities and pipe diameters with the maximum relative error of 15% (mean error: 1.2%). The range of x s and w values, for which ε Nu−f > 1, means that while the same power is required to transport the refrigerant, the use of ice slurry over the use of the carrier fluid as the refrigerant translates into better thermal efficiency. The results shown in Figure 7 suggest that the minimum entropy generation rate condition generally shifts the scope of ice slurry use towards higher flow velocities. The exception is low heat flux densities for the minimum pipe diameter under consideration, d i = 0.01 m, for which entropy generation minimization implies lower values of flow velocity with respect to the condition ε Nu−f > 1. Figures 2 and 7 show that, regardless of the adopted criterion for the assessment of the heat exchange process involving ice slurry, the laminar flow range is especially preferred as regards the selection of The calculations performed suggest that:
o During pipe flow, the lowest entropy generation rates were characteristic of small mass fractions of ice in the turbulent flow area and for the flow velocity of 1.5 < w < 2 ms −1 .
o In the laminar flow area, the lowest entropy generation rates corresponded to the highest analyzed mass fraction of ice xs = 30%.
o Regardless of the share of solid particles, the minimum entropy generation rate criterion requires the application of high flow velocities, which for heat flux density values of ≥ q  10 kWm −2 are greater than w > 1 ms −1 .
Entropy Generation in Heat Exchangers Fed with Ice Slurry
An analysis of the entropy generation rate in heat exchangers was performed under conditions which differ from those present during flow through pipes. For pipe flow, a specific heat flux density, flow velocity and mean mass share of ice are assumed for which the entropy generation rates are calculated. For heat exchangers, the exchanger's thermal efficiency, ice slurry mass flux and the inlet value of the mass fraction of ice are assumed. A change in ice slurry enthalpy, the heat exchange surface (heat flux density) and the end temperature of the cooled medium result from the balance equations and, as a consequence, make it possible to determine the entropy generation rate.
The heat transfer process enhancement, greater specific enthalpy of the ice slurry and the almost constant melting point enable ice slurry-fed heat exchangers to have a smaller heat exchanger surface than heat exchangers which rely on single-phase refrigerants. The heat exchange surface area The calculations performed suggest that:
During pipe flow, the lowest entropy generation rates were characteristic of small mass fractions of ice in the turbulent flow area and for the flow velocity of 1.5 < w < 2 ms −1 . In the laminar flow area, the lowest entropy generation rates corresponded to the highest analyzed mass fraction of ice x s = 30%. Regardless of the share of solid particles, the minimum entropy generation rate criterion requires the application of high flow velocities, which for heat flux density values of . q ≥ 10 kWm −2 are greater than w > 1 ms −1 .
The heat transfer process enhancement, greater specific enthalpy of the ice slurry and the almost constant melting point enable ice slurry-fed heat exchangers to have a smaller heat exchanger surface than heat exchangers which rely on single-phase refrigerants. The heat exchange surface area has an impact, for example, on the values of flow resistance in the heat exchanger. In this part of the article, the authors discussed the impact of the ice slurry mass flux and the mass fraction of ice on the change in the total entropy generation rate in heat exchangers. To achieve this, the heat transfer process was discussed for two types of heat exchangers: A lamelled air cooler and a plate heat exchanger, which was used as a milk cooler.
Air Cooler
Assuming that the melting process of the ice slurry occurs at a constant temperature, it is possible, on the basis of [56] , to express the entropy generation rate in the ice slurry melting and air cooling process using Equation (17):
Taking into consideration the ice melting process in the ice slurry, Equation (17) may be converted into (18)
If the fluid flow within the heat exchanger is treated as quasi-adiabatic flow, we can state that
V dp (19) Whence, for air treated as an ideal gas (p
mR T), Equation (19) can be transformed into (20)
m a R dp p
Equation (20), following integration, leads to Equation (21):
Disregarding the change in volume of the ice slurry in the melting process, you can transform Equation (19) for a liquid refrigerant into (22)
Hence, the total entropy generation rate in the ice slurry-fed air cooler may be calculated from Equation (23):
When determining the value of the entropy generation rate for an air cooler in (23) , free flow of air out into the surrounding environment (p a-out = 1 bar) was assumed. On the other hand, air pressure at the inlet to the exchanger was p a-out = p a-out + ∆p a . In order to determine the entropy generation rate in the lamelled air cooler, a calculation algorithm was prepared based on Peclet's equation and balance equations for the air and the ice slurry [15] . The air-side heat transfer coefficient was calculated from Schmidt's equation [57] , while air-side flow resistance calculations were based on Idelcik's formula [58] . For the ice slurry, flow resistance values were calculated using Equations (7)- (10) . Heat transfer coefficients, in turn, were calculated using Equations (11) and (12) .
The calculations were made for: The result of the calculations were different heat exchange surfaces (different pipe lengths), which implied different entropy generation rates caused by the flow resistances of the refrigerant and air. A change in the entropy generation rate also resulted from variable mass fluxes of the ice slurry and changes in the specific enthalpy of the ice slurry. Figure 8a shows how the mass fraction of ice affects the entropy generation rate in the air cooler in the event of full melting of the ice slurry (variable mass flux of the ice slurry). Regardless of the thermal efficiency, the minimum entropy generation rate criterion prefers the use of ice slurries with the maximum mass fractions of ice. Low mass fractions of ice generate large ice slurry mass fluxes and high flow velocities (higher than 1 ms −1 ). This results in a significant increase in entropy generation associated with ice slurry and air-side flow resistances. The Bejan number for a 40 kW cooler efficiency changed from 0.04 to 0.43 for the mass fractions of ice of x s = 30% and x s = 5%, respectively. Figure 8b shows how the mass share of ice and the mass flux of the ice slurry affect the total entropy generation rates in the air coolers (non-complete ice melting scenario). Regardless of the mass flux, the minimum entropy generation rates were obtained for the maximum mass share of ice x s = 30%. For a constant mass flux of the ice slurry, the dominant entropy generation component is the entropy generated by the air-side heat transfer the air-side heat transfer process. Lower mass fractions correspond to higher mean temperatures of the ice slurry. Therefore, the receipt of the same heat flux is conditional upon a larger change in the specific enthalpy of the refrigerant. The entropy generation rate as a function of the mass flux is not a monotonic function. This has been illustrated by Figure 9a . slurry and changes in the specific enthalpy of the ice slurry. Figure 8a shows how the mass fraction of ice affects the entropy generation rate in the air cooler in the event of full melting of the ice slurry (variable mass flux of the ice slurry). Regardless of the thermal efficiency, the minimum entropy generation rate criterion prefers the use of ice slurries with the maximum mass fractions of ice. Low mass fractions of ice generate large ice slurry mass fluxes and high flow velocities (higher than 1ms -1 ). This results in a significant increase in entropy generation associated with ice slurry and air-side flow resistances. The Bejan number for a 40 kW cooler efficiency changed from 0.04 to 0.43 for the mass fractions of ice of xs = 30% and xs = 5%, respectively. Figure 8b shows how the mass share of ice and the mass flux of the ice slurry affect the total entropy generation rates in the air coolers (non-complete ice melting scenario). Regardless of the mass flux, the minimum entropy generation rates were obtained for the maximum mass share of ice xs = 30%. For a constant mass flux of the ice slurry, the dominant entropy generation component is the entropy generated by the air-side heat transfer the air-side heat transfer process. Lower mass fractions correspond to higher mean temperatures of the ice slurry. Therefore, the receipt of the same heat flux is conditional upon a larger change in the specific enthalpy of the refrigerant. The entropy generation rate as a function of the mass flux is not a monotonic function. This has been illustrated by Figure 9a . Figure 9a refer to various surface areas and therefore also to various heat flux densities. The flow velocity curve makes it possible to determine the ice slurry flow velocity in heat exchanger pipes for particular mass fluxes. Table 4 shows a comparison of the optimum flow velocities of a 30% ice slurry, determined for flow in a d i = 0.01 m pipe. Just as in the case of flow through a straight pipe, in the discussed heat exchanger higher heat flux densities also corresponded to higher optimum flow velocities. The comparison (Table 4) indicates that when designing a heat exchanger, it is possible to determine the operational parameters of the cooler which meet the .
S~. S min (d,
q) condition by finding the ice slurry flow velocity using Equation (14) . 
Fluid Cooler
If the same assumptions are made as in the air cooler scenario, and if we take fluid cooling into account, the total entropy generation rate in the cooler can be described using Equation (24):
In order to determine the entropy generation rate in a plate heat exchanger/fluid (milk) cooler, an algorithm [59] was developed, where the heat transfer coefficients and flow resistance values on the side of the cooled fluid were calculated on the basis of the equations proposed by Tarasov [60, 61] . For the ice slurry, flow resistance values were calculated using Equations (7)- (10) . Heat transfer coefficients, in turn, were calculated using Equations (11) and (12), supplemented with coefficients B i for a rectangular cross-section, included in Table 2 .
The calculations were made for: (24), higher entropy generation rates are characteristic of greater changes in the temperature of the cooled medium and its lower mass flux. Regardless of thermal efficiency and the geometrical configuration of the exchanger, the use of ice slurries with the maximum mass fraction of ice is preferred, as when the complete ice melting condition is assumed, they imply small flow rates of the refrigerant. Figure 10b presents the impact of the mass share of ice and the mass flux of the ice slurry on the total entropy generation rate in a fluid cooler ( . Q = 30 kW, n p = 6, n s = 1). In this calculation variant, the constant mass flux condition implies variable values of changes in the ice slurry's specific enthalpy and various degrees of ice melting. Just as in the case of the air cooler, regardless of the mass flux, minimum entropy generation rates were recorded for the maximum mass share of ice x s = 30%. For a constant mass flux of the ice slurry, the dominant component of entropy generation is that generated by the ice slurry-side heat transfer process. In a plate heat exchanger, the entropy generation due to flow resistances is determined by the flow of the ice slurry. In the calculations performed by the authors, the flow was of a laminar nature and the greatest flow resistances were generated for an ice slurry with the mass share of ice of x s = 30%, for which the dynamic plastic viscosity coefficient and limit shear stress were highest. The highest Bejan number of 0.15 corresponded to x s = 30%, specific enthalpy and various degrees of ice melting. Just as in the case of the air cooler, regardless of the mass flux, minimum entropy generation rates were recorded for the maximum mass share of ice xs = 30%. For a constant mass flux of the ice slurry, the dominant component of entropy generation is that generated by the ice slurry-side heat transfer process. In a plate heat exchanger, the entropy generation due to flow resistances is determined by the flow of the ice slurry. In the calculations performed by the authors, the flow was of a laminar nature and the greatest flow resistances were generated for an ice slurry with the mass share of ice of xs=30%, for which the dynamic plastic viscosity coefficient and limit shear stress were highest. The highest Bejan number of 0.15 corresponded to xs = 30%, m  = 1.87 kgs −1 . Note that in the calculations performed, the minimum entropy generation rate (due to the value of ReK = 380−530) was recorded for laminar flow, but for w = 1.8−2.3 ms −1 . These flow velocity values are significantly higher than the velocity values used in typical plate exchangers (w<0.5ms −1 ). The application of a flow velocity of w < 1 ms −1 leads to an increase in the entropy generation rate by at least 14%-67%, depending on thermal efficiency. S, the Bejan number was 0.27, varying in the entire discussed range of mass flux changes between 0.02-0.93. Note that in the calculations performed, the minimum entropy generation rate (due to the value of Re K = 380−530) was recorded for laminar flow, but for w = 1.8−2.3 ms −1 . These flow velocity values are significantly higher than the velocity values used in typical plate exchangers (w < 0.5 ms −1 ). The application of a flow velocity of w < 1 ms −1 leads to an increase in the entropy generation rate by at least 14%-67%, depending on thermal efficiency.
The curves presented in Figure 9b correspond to a constant efficiency of the exchanger. Therefore, in the case of a melting process, entropy generation minimization is not equivalent to the maximization of exchanger efficiency. A sample relationship between exchanger efficiency and the entropy generation rate was presented in Figure 11a . Figure 11 presents the entropy generation rate for a plate heat exchanger fed with a 30% ice slurry or 15% ethanol. For ice slurry, the exchanger efficiency (η = . m f c p f )). It is worth noting that the use of the minimum entropy generation rate as the only design criterion may, for example, generate high investment costs. Figure 11b presents sample calculations where for low mass fluxes ( . m ≤ 0.53 kgs −1 ), lower entropy generation rates are recorded in an ethanol-fed exchanger than in an ice slurry-fed exchanger. If ethanol is used, however, the required surface area of the exchanger is at least 60% higher than in the case of an ice slurry fed exchanger. 
Conclusions
Using the results of experimental studies and formula for the calculation of flow resistance and heat transfer coefficient values during the melting of ice slurry under forced convection conditions, an analysis of the entropy generation rates was performed during flow in straight pipes and heat exchangers.
The study determined the area of optimal parameters for ethanol ice slurry (w, xs) for different tube diameters and heat flux densities for which the entropy flux generated during the melting process in the conditions of forced convection of ice slurry is minimal. The original aspect presented in the paper is the description of the set of optimal parameters for w, xs, the criteria relationship between the Reynolds number and dimensionless numbers taking into account the effect of geometric and flow parameters on the generated entropy flux.
A new aspect discussed in this paper was the comparison of different strategies for the selection of flow parameters when using ice slurry as a coolant. Three criteria for the selection of flow parameters of ice slurry were compared: Minimum criterion of entropy flux generated by the slurry during flow in a straight channel, minimum criterion of entropy flux generated in a heat exchanger supplied with ice slurry and generalized overall enhancement efficiency criterion. Attention was drawn to the fact that the fulfilment of the criterion εNu−f>1 more significantly limits the velocity of ice slurry flow from above than the minimum entropy flux criterion.
Unlike the criterion of minimum entropy flux of ice slurry in a straight channel, the criterion of minimum entropy flux in a heat exchanger always prefers the use of maximum mass fractions of ice. In the first case, high ice mass fractions minimize the entropy flux only for low flow velocities 
The study determined the area of optimal parameters for ethanol ice slurry (w, x s ) for different tube diameters and heat flux densities for which the entropy flux generated during the melting process in the conditions of forced convection of ice slurry is minimal. The original aspect presented in the paper is the description of the set of optimal parameters for w, x s , the criteria relationship between the Reynolds number and dimensionless numbers taking into account the effect of geometric and flow parameters on the generated entropy flux.
A new aspect discussed in this paper was the comparison of different strategies for the selection of flow parameters when using ice slurry as a coolant. Three criteria for the selection of flow parameters of ice slurry were compared: Minimum criterion of entropy flux generated by the slurry during flow in a straight channel, minimum criterion of entropy flux generated in a heat exchanger supplied with ice slurry and generalized overall enhancement efficiency criterion. Attention was drawn to the fact that the fulfilment of the criterion ε Nu−f > 1 more significantly limits the velocity of ice slurry flow from above than the minimum entropy flux criterion.
Unlike the criterion of minimum entropy flux of ice slurry in a straight channel, the criterion of minimum entropy flux in a heat exchanger always prefers the use of maximum mass fractions of ice. In the first case, high ice mass fractions minimize the entropy flux only for low flow velocities (w < 1 ms −1 ).
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Nomenclature
A heat transfer surface, m 2 Be Bejan number, Be =
